In recent years the gram-positive bacterium Lactococcus lactis has been genetically characterized to some extent. Because of its industrial importance, the main attention has been on the plasmid-encoded genes for commercially important pathways, such as lactose and citrate metabolism, and the protease involved in casein degradation. However, L. lactis is also interesting as a model organism because of its homofermentative pathways, and molecular studies of its general metabolism are now in progress. Several metabolic genes, including anabolic genes involved in biosynthesis of amino acids (3, 10, 15) and catabolic genes involved in glycolysis (4, 5, 25) , have been identified and sequenced. Many of the identified genes were found to be members of large operons, for example, the his, trp, and ilv operons, which are organized like the corresponding operons in Bacillus subtilis.
Nucleotide metabolism is important for all cells as the supplier of building blocks for the synthesis of nucleic acids and also as a supplier of coenzymes and allosteric effectors for central metabolism. L. lactis has many nutritional requirements for growth but does not need nucleobases or nucleotides (19) . L. lactis is therefore able to carry out de novo synthesis of both purine and pyrimidine nucleotides. We decided to study the pyrimidine biosynthetic pathway in lactococci. This pathway seems to be universal in all pyrimidine-prototrophic organisms investigated so far and consists of six enzymatic steps leading to the biosynthesis of UMP. In B. subtilis and Bacillus caldolyticus the genes encoding the pyrimidine biosynthetic enzymes have been identified as members of a large operon structure, for which the nucleotide sequence has been determined (14, 35) . In addition to the seven pyr genes for de novo synthesis, the operon includes three other open reading frames (ORFs). The products of two of these, pyrR and pyrP, have been identified as a regulatory protein for the pyr operon and a uracil permease, respectively. The third gene, orf2, has so far not been assigned any function (43) .
We have previously identified two genes in L. lactis involved in pyrimidine biosynthesis, both of these encoding a dihydroorotate dehydrogenase (DHOdehase) (1) . Two pyrD genes have not yet been detected in any other organism. The two lactococcal PyrD proteins are quite different, showing only 24% sequence identity. The PyrDa protein is related to the Saccharomyces cerevisiae enzyme (36) , and the PyrDb protein resembles the DHOdehase found in B. subtilis (35) . It was of interest to elucidate whether one of the lactococcal pyrD genes was organized as part of a large pyr operon analogous to that found in B. subtilis. The pyrDb gene was found to be a member of a pyr operon smaller than that found in B. subtilis, as the lactococcal pyr operon did not contain all the pyr genes. In the present study we have determined the nucleotide sequence of 7.5 kb of the chromosomal DNA in the pyrDb region in order to establish the gene arrangement. By integrational mutagenesis pyrDb was found to be part of an operon including only one other known pyr gene, pyrF, and an ORF similar to orf2 found upstream of pyrD in the pyr operons of B. subtilis and B. caldolyticus. Mutational analysis allowed us to identify a function for this ORF in the biosynthesis of UMP. We propose to designate the corresponding gene pyrK. From the sequence and functional analyses we suspect that the PyrK protein is involved in electron transfer together with the DHOdehase B.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and the plasmids used in this study are listed in Table 1 . A genomic library of L. lactis MG1363 was made by partially digesting DNA with HindIII and subsequently ligating the digested DNA to the direct selection vector, pUN121 (32) . A pyrF-complementing plasmid was isolated from the MG1363 HindIII library by using Escherichia coli SØ5009 (pyrF) as a recipient strain. The complementing plasmid contained several HindIII fragments. It was therefore digested with HindIII and religated. The resulting complementing subclone, pIP8, carried the pyrF gene on a single HindIII fragment of 4.2 kb inserted in the cI gene of the vector pUN121. The size of pIP8 was further reduced by deleting a 1.2-kb PstI fragment, resulting in pIP81, which retained the ability to complement an E. coli pyrF mutation. A number of plasmids were made for the purpose of integrational mutagenesis. As the parent plasmid we used the previously described pIP5, which carries the pyrK and pyrDb genes and the beginning of the pyrF gene. Plasmid pIP51 was made by deleting a 4.3-kb SalI fragment from pIP5, leaving only the end of the pyrK gene, the entire pyrDb gene, and the beginning of the pyrF gene. In order to make this construct useful as an L. lactis integration plasmid, an erythromycin resistance gene from plasmid pIL253 (39) was inserted into the vector portion of the plasmid, resulting in pIP55. The construction of the integration plasmid pIP65 carrying only an internal pyrDa fragment was previously described (1). Plasmid pPJ31 was constructed to create a deletion in the pyrK gene, leaving the pyrDb gene intact. This was done by deleting a 350-bp AgeI fragment from plasmid pIP5 and subsequently inserting an erythromycin resistance cassette in the vector portion of the plasmid. For construction of the pSJ101 plasmid a 1.7-kb HindIII-HindIII fragment from pIP5 carrying the end of orfA, the entire pyrK, and the start of the pyrDb gene was inserted into the unique HindIII site of the L. lactis integration vector pSMA500 (28) . Plasmid pKP6 was used for analyses of complementation in L. lactis. It was constructed by inserting a 4.1-kb EcoRIEcoRV fragment from pIP5 carrying the orfA and pyrK genes into the E. coli-L. lactis shuttle vector pAK80 (18) .
Construction of strains. Competent L. lactis cells were transformed with E. coli plasmids unable to replicate in L. lactis but containing a selectable Em r marker and cloned pieces of the lactococcal chromosome. Transformants were selected and purified on plates containing 1 g of erythromycin per ml. Only plasmids recombining into the chromosome will result in Em r colonies. PSA001 and MB30 were constructed by transformation of L. lactis MG1363 with pIP55 and pSJ101, respectively. PSA001 was made in order to see whether the pyrDb gene had its own promoter or was positioned further upstream. MB30 was constructed in order to see whether the pyrK gene had a functional promoter or was positioned upstream from the orfA gene.
The pyrK mutation of MB20 was introduced into the lactococcal chromosome by a double crossover in the following way: pPJ31 carrying the AgeI deletion allele of the pyrK gene was integrated into L. lactis MG1363 by homologous recombination as described above. The resulting strain was grown in nonselective M17 medium overnight, thus allowing excision to occur. In order to increase the fraction of cells having the duplicated region deleted and the plasmid containing the Em r marker, ampicillin counterselection was performed in the presence of erythromycin. Exponentially growing cells were diluted 20-fold into M17 medium supplied with erythromycin at 2 g/ml, and after 2 h, ampicillin was added to 100 g/ml and the culture was incubated overnight. Colonies formed on nonselective M17 plates were tested for loss of Em r . Chromosomal DNA from 12 Em s strains was extracted, and fragments spanning pyrK were amplified by PCR. Five of the 12 strains gave rise to a shortened pyrK fragment, cut only once with AgeI, and one of these strains, chosen for further analysis, was designated MB20 (⌬pyrK). The pyrDa allele of MB20 was mutated by insertion of pIP65, which generates a gene disruption of the pyrDa gene, thus creating MB26 (⌬pyrK pyrDa). The construction of strains MB2 and MB4 was described previously (1) . The mutations in the various strains constructed were verified by Southern blot analysis or PCR analysis.
Growth conditions. Lactococcal cultures were grown either on M17 glucose broth (42) or on SA medium-a MOPS (morpholinepropanesulfonic acid)-based chemically defined medium containing seven vitamins and 19 amino acids (19)-supplied with glucose to 1%. E. coli cultures were grown on Luria-Bertani broth or on AB medium containing 0.5% glucose, 1% Casamino Acids, 1 mg of thiamine per ml, and 1 mg of biotin per ml (8) . L. lactis was cultured at 30ЊC in filled culture flasks with gentle magnetic stirring. E. coli in batch cultures was grown at 37ЊC with vigorous shaking. For all plates, agar was added to 15 g/liter. When needed, the following were added to the different media: uracil at 20 g/ml, erythromycin at 1 g/ml for lactococci and 150 g/ml for E. coli, ampicillin at 100 g/ml, and tetracycline at 8 g/ml. For enzyme assays the cells were grown to 0.8 optical density at 450 nm units in SA glucose medium and harvested. The cells were washed and resuspended in a solution containing 50 mM Tris-HCl (pH 7.8), 1 mM EDTA, and 1 mM dithiothreitol, resulting in a 100-fold concentration of the cells. Lactococcal cells were lysed in a French pressure cell at 28,000 lb/in 2 , whereas E. coli cells were lysed by sonication. Cell debris was removed by centrifugation, and the supernatant was used directly for determination of enzyme activity.
Enzyme assays. DHOdehase activity was assayed in three different ways. Some activities were determined by the dichlorophenolindophenol assay (22) , in which dichlorophenolindophenol no longer absorbs light at 600 nm after reduction. In the other two assays the conversion of dihydroorotate to orotate was measured by the increase in A 295 (ε ϭ 3.67 ϫ 10
3 ) with either NAD ϩ or fumarate as the electron acceptor at a concentration of 0.1 mM. The reaction mixture contained 0.1 mM dihydroorotate, 5 mM KCN, and 100 mM Na phosphate (pH 7.0). The assays were conducted at 30ЊC. Protein determinations were performed according to the method of Lowry et al. (26) .
Transformation. L. lactis was transformed by electroporation (16) . E. coli cells were transformed as described previously (37) .
DNA isolation, manipulations, and sequencing. Chromosomal lactococcal DNA was prepared as described by Johansen and Kibenich (20) . The methods described by Sambrook et al. (37) were used for general DNA methods in vitro. DNA sequences were determined from double-stranded alkali-denatured plasmid DNA by the dideoxy-chain termination method (38) using the Sequenase 2.0 kit from United States Biochemical. Synthetic oligonucleotides were used as primers.
Southern blot analysis. Southern blot analysis was performed with GeneScreen nylon membranes (New England Nuclear) and the digoxigenin system (Boehringer Mannheim) for colorimetric detection of hybridized products in accordance with the protocols of the manufacturers.
PCR amplification of DNA. L. lactis chromosomal DNA was amplified by PCR with 1 g of DNA in a final volume of 100 l containing deoxyribonucleoside triphosphates (0.25 mM each), oligonucleotides (10 M), and 2.5 U of Taq polymerase (United States Biochemical). Amplification was performed as follows: 30 cycles at 95ЊC for 1 min and 55ЊC for 1 min followed by 3 min at 72ЊC.
Northern (RNA) blot analysis. L. lactis RNA was harvested from strain MG1363 grown exponentially in SA medium to an optical density at 600 nm of approximately 0.5. Total RNA from a 40-ml culture was isolated according to the method of Arnau and coworkers (2) . RNA (20 g) from each preparation was denatured in formamide loading buffer and separated on a 1.3% (wt/vol) agarose-0.66 M formaldehyde gel. Following electrophoresis, the gel was soaked in 1ϫ SSC (0.15 M NaCl plus 0.015 M sodium citrate) containing 0.5 M NaOH for 10 min and washed twice in 10ϫ SSC for 15 min. The RNA was transferred to a GeneScreen Plus membrane (DuPont) by capillary blotting overnight and fixed by baking for 2 h at 80ЊC. The membrane was prehybridized for 2 h at 65ЊC in 0.5 M sodium phosphate (pH 7.2) containing 7% sodium dodecyl sulfate and hybridized for 20 h at 65ЊC in the same buffer with the radioactive probe. The probe used was a 1.2-kb EcoRV-EcoRI fragment from plasmid pIP5 that was isolated (Geneclean, Inc.) and subsequently labeled with [␣-32 P]dATP by random labeling (Boehringer Mannheim). After being washed, the membrane was enclosed in a plastic bag and exposed in an Instant Imager (Packard) for 30 min.
Primer extension. A synthetic oligonucleotide, 5Ј-CGGGATCCAAGAGAA CTTACAAGTGTACTA-3Ј, complementary to the sense strand covering nucleotides 3236 to 3213 was radioactively labeled in the 3Ј end with [␥- 32 P]ATP and T4 polynucleotide kinase and used for primer extensions on 10 g of total RNA isolated from L. lactis MG1363 as previously described (13) . The elongation was performed at 41ЊC with SuperScript II reverse transcriptase (GibcoBRL).
Analysis of sequence data. Nucleic acid and amino acid sequences were analyzed with computer programs from the Genetics Computer Group Sequence Analysis software package (11). Fig. 3 for physical map.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been submitted to the EMBL Data Library and assigned the accession number X74207.
RESULTS AND DISCUSSION
Cloning and sequencing of the pyrDbF region of the chromosome. The pyrF gene of L. lactis encoding OMP decarboxylase was cloned by complementation of an E. coli pyrF mutant (SØ5009) by using a HindIII library constructed from L. lactis MG1363. The initially isolated pyrF-complementing clone contained four different HindIII inserts. Subcloning located the pyrF activity on a HindIII fragment of 4.3 kb. Isolation of several independent subclones showed that the lactococcal insert always was orientated in the same direction, suggesting that the pyrF gene was transcribed from a plasmid promoter. The isolated pyrF-complementing plasmid, designated pIP8, was further subcloned to pIP81 carrying a fragment of 3.2 kb, which retained the ability to complement the E. coli pyrF mutant. Southern analysis and examination of the sequences showed that a previously isolated pyrDb clone, i.e., pIP5 containing a 5.3-kb chromosomal EcoRI fragment (1), and pIP81 overlapped by 211 bp (Fig. 1) . A 7,458-nucleotide sequence of the region cloned in pIP81 and pIP5 was determined by using synthetic primers. Part of the sequence containing the pyrDb gene had been determined previously (from position 4107 to position 5353) (1) . The combined sequences were submitted to the EMBL database.
Seven ORFs were found by computer analysis of the DNA sequence. Five of these (orfA, pyrK, pyrDb, pyrF, and orfC) were located next to each other and were transcribed in the same direction (Fig. 1 ). This gene cluster was flanked by two genes, orfE and gidB, reading in the opposite direction. One of the deduced amino acid sequences, located on the pyrF-complementing plasmid (pIP81), showed a high degree of similarity (48%) to the OMP decarboxylase from B. subtilis (35) . This similarity identified this reading frame as the lactococcal pyrF gene, located 128 nucleotides downstream of the pyrDb gene. The pyrF gene was preceded by a ribosome binding site (Table  2 ) and encoded a protein of 238 amino acids with a calculated molecular weight of 26,862.
Upstream from the pyrDb gene, separated by 157 bp, we identified an ORF encoding a protein of 262 amino acids with a calculated molecular weight of 28,752. The ORF was preceded by a ribosome binding site ( Table 2 ). The deduced amino acid sequence shows strong similarity to that of the protein encoded by orf2, located immediately upstream of the pyrD genes in the pyr operons of B. subtilis and B. caldolyticus (14, 35) . We named the lactococcal ORF pyrK, as we were able to show a function of this protein in pyrimidine biosynthesis (see below). Furthermore, a database search revealed similarity between PyrK and the following group of proteins: HydG from Pyrococcus furiosus (34) and AsrB from Salmonella typhimurium (17) , both of which are parts of sulfite reductase complexes, and NahAa, an iron-sulfur flavoprotein from Pseudomonas putida involved in the metabolism of naphthalene (40) . A common feature of these proteins is that they are involved in electron transfer.
Downstream of pyrF, and separated by only 1 nucleotide, a coding sequence for a putative small protein of 152 amino acids preceded by a ribosome binding site was found (Table 2) . It was named OrfC. It was not possible to find any significant similarity of OrfC to any other protein in the databases. This arrangement of lactococcal pyr genes exhibited significant differences from the B. subtilis pyr operon, in which the pyrE gene follows the pyrF gene (35) . In contrast, a region of inverted repeats followed by a run of T residues overlapping the last 5 codons of the orfC ORF was found. This structure may form a stem-loop with a predicted ⌬G of Ϫ17.4 kcal (ca. 72.8 kJ)/mol and could serve as a transcription terminator. Surrounding the pyrKDbF-orfC gene cluster were three other reading frames, none of which was recognized as being in- (14, 35) . The gidB gene, positioned downstream from the orfC gene, is transcribed in the opposite direction. This ORF encodes a 238-amino-acid polypeptide. It was named gidB because of its significant similarity to the corresponding gene from B. subtilis (52% identity) (33) . The function of GidB is presently not clear (33) . Its putative gene terminates 10 nucleotides from the termination of orfC, and transcription is probably terminated at the putative orfC terminator, which may function as a terminator in both orientations ( Table 2) .
The orfA gene is positioned 252 bp upstream of pyrK and is transcribed in the same direction as the pyr genes are. The orfA gene encodes a polypeptide of 454 amino acids, showing similarity to multidrug resistance proteins belonging to the major facilitator superfamily (29) . The OrfA polypeptide sequence carries a signature consensus-the drug extrusion sequence. It contains the motif GAVFGPIIGG, which is very similar to the consensus GpilGPvlGG (lowercase letters are not well-conserved amino acid residues) (41). The multidrug resistance proteins are all membrane proteins with a pump function (23) . The function of the orfA-encoded protein has not been further investigated.
The coding sequence of orfA is preceded by a ribosome binding site (Table 2) . A possible promoter, showing strong homology to a consensus promoter, is located upstream from the translational start codon. Between the putative promoter and the translational start a region of dyad symmetry followed by a run of T residues that could form a terminator can be detected (Table 2) .
Further upstream of orfA we located orfE. This gene is, however, transcribed in the direction opposite that of the pyr genes. The orfE gene encodes a putative protein of 403 amino acids with no significant homology to any known proteins in the databases.
The intercistronic regions of the pyrKDF-orfC region. The intercistronic spaces between the pyr genes are remarkably long except for the space between pyrF and orfC, where the reading frames were separated by one nucleotide. The intercistronic spaces between pyrK and pyrDb and between pyrDb and pyrF were highly similar to each other. The region upstream of the pyrK gene and the long intergenic regions between pyrK and pyrDb and between pyrDb and pyrF show homology to the intergenic regions found in the ilv and his operons of L. lactis (10, 15) . These sequences have been suggested to be a type of noncoding repetitive element whose function has yet to be determined (7) . The region upstream of pyrK has homology only to the first half of the repetitive element. Between pyrK and pyrDb the region was repeated as was seen for the ilv and his operons (10, 15) . Between pyrDb and pyrF there was only a single copy of the element (Fig. 2) .
The existence of a pyrKDbF-orfC operon. In order to investigate whether the three ORFs showing homology to the pyr operon of B. subtilis and B. caldolydicus are part of the same transcriptional unit, plasmids were inserted into the pyr cluster by homologous recombination. Different parts of the putative operon were cloned into E. coli plasmids incapable of replication in L. lactis but containing an erythromycin resistance gene expressed in L. lactis. The plasmids were propagated in E. coli and subsequently used to transform L. lactis. The appearance of transformants resistant to erythromycin was due to a single crossover event resulting in duplication of the cloned fragment. Therefore, by analyzing the pyrimidine requirements of the recombinant strains, the position of the promoter could be mapped genetically. The physical maps of PSA001 and MB30 and their pyrimidine phenotypes are shown in Fig. 3 . It has previously been shown that L. lactis contains two pyrD genes and that only one is needed for prototrophic growth under all conditions tested (1). The pyrimidine requirement of strain PSA001 must reflect the lack of pyrF expression. This finding maps the promoter upstream of the SalI site in pyrK. MB30 has no pyrimidine requirement. Consequently, pyrF is expressed, showing the presence of a promoter downstream of the distal HindIII site in orfA. In conclusion, these observations clearly demonstrate that the pyrK, pyrDb, and pyrF genes are transcribed as an operon and that the promoter for this operon is upstream of the SalI site but downstream of the second HindIII site in orfA, probably in front of pyrK. orfC, a small ORF of 152 codons which is located downstream of pyrF and before the terminator structure and the oppositely orientated gidB gene, is probably also part of the pyrKDbF operon.
The size of the pyrKDbF-orfC operon was further confirmed by Northern (RNA) blot analysis. RNA isolated from the wildtype strain L. lactis MG1363 was separated on an agarose gel, blotted onto a nitrocellulose membrane, and hybridized with a radioactively labeled DNA fragment covering the pyrDb gene (Fig. 1) . The autoradiogram is presented in Fig. 4 . A 3.3-kb band corresponding to the theoretical size of 3.4 kb of the suggested pyr operon can be identified, thus confirming the conclusions from the integration experiments: pyrK, pyrDb, and lactis derivatives constructed in this work and pyrimidine requirements of these derivatives. At the top, the physical map of the wild-type strain L. lactis MG1363 including selected restriction endonuclease sites is shown. Regarding PSA001 and MB30, the wavy line represents the E. coli plasmid including the erythromycin resistance gene introduced into the lactococcal chromosome by a Campbell-like single-crossover event. The restriction sites of the duplicated fragments are shown. The AgeI deletion resulting in a truncated pyrK gene for MB20 was obtained by a double crossover. The interrupted lines in the maps of MB20 and MB26 indicate that the two DNA segments are placed at different locations on the lactococcal chromosome. The uracil requirement of each strain is presented on the right. The strains were plated on SA minimal glucose media in the absence (Ϫ U) or presence (ϩ U) of uracil. The result was scored after 20 h of incubation at 30ЊC as ϩ (growth), Ϫ (no growth), or (Ϫ) (microcolonies).
pyrK are members of an operon expressed from a promoter just upstream of pyrK.
The exact position of the promoter located between the HindIII site (position 2489) and the SalI site (position 3452) by insertion experiments was determined by primer extension analysis. A synthetic oligonucleotide was end labeled with 32 P, hybridized with the RNA, and subjected to elongation with reverse transcriptase. Finally, the length of the product was determined by electrophoresis using sequencing reaction mixtures as size markers. The autoradiogram is presented in Fig.  5 . The primer extension showed that the first nucleotide of the mRNA was a T residue corresponding to position 3076 in the DNA sequence. An additional, smaller band was also observed; the presence of this band could be explained by a premature stop of the polymerase at the 3Ј end of a small inverted repeat (data not shown). This phenomenon is commonly seen in primer extensions in areas with a high degree of secondary structure. The promoter sequence is shown in Table  2 . Spaced by 18 bp, two sequences with homology to known Ϫ10 and Ϫ35 sequences from L. lactis can be identified (44) .
The role of pyrK. As previously mentioned, the pyrK protein shows sequence similarities to proteins involved in enzymatically catalyzed electron transfer and the Orf2 polypeptide of B. subtilis (35) . Recently, descriptions of the cloning and sequencing of the pyr gene cluster from Enterococcus faecalis have been published (24) . This cluster seems to be organized like the pyr gene cluster of B. subtilis, and just upstream of the pyrD sequence, an ORF showing homology to pyrK can be detected. A database search revealed that in addition to homology to the ORFs from B. subtilis, B. caldolyticus, and E. faecalis, the PyrK protein shows homology to proteins taking part in enzymatic reactions involving electron transfer using NAD ϩ or NADH. The protein sequences of Orf2 from B. caldolyticus, Orf2 from B. subtilis, HydG from P. furiosus, and AsrB from S. typhimurium have been aligned with PyrK (Fig. 6 ). PyrK contains a region of closely spaced cysteine residues which may be part of an Fe-S center as well as a region with homology to flavin binding sites (Fig. 6) . Since the only reaction in the de novo synthesis of pyrimidines involving electron transfer is the oxidation of dihydroorotate to orotate catalyzed by DHOdehase, the PyrK protein could be involved in this reaction. In order to elucidate the role of PyrK, a pyrK mutant was constructed. The 350-bp AgeI internal fragment in the pyrK ORF was deleted in vitro from plasmid pIP5 and the erythromycin resistance gene was introduced, resulting in plasmid pPJ31 (Fig. 1) . After a double-crossover event as described in Materials and Methods, chromosomal DNA from different colonies was screened by PCR and a strain in which the wild-type pyrK gene had been substituted with the deletion allele was chosen for further analysis and designated MB20 (Fig. 3) . The operon is intact except that a truncated pyrK protein will be synthesized. In order to investigate the phenotype of MB20, the strain was grown in the absence and the presence of uracil. The pyrK mutation does not result in a pyrimidine-auxotrophic phenotype, showing that there are no polar effects on the expression of pyrF and that strain MB20 is still capable of oxidizing dihydroorotate to orotate. Considering that two pyrD genes are present in L. lactis, it is possible that only one of the DHOdehases requires the PyrK protein-most likely the enzyme encoded by pyrDb, which is located in an operon with pyrK. Therefore, pyrDa was inactivated in MB20 (pyrK) by gene disruption using an internal pyrDa fragment selecting for erythromycin resistance as previously described (1) (21) . This observation can be explained in two ways: either the PyrK protein is required for expression of pyrDb or it is involved in the enzymatic oxidation of dihydroorotate to orotate. Since pyrF is expressed in MB20 (pyrK), it is unlikely that the PyrK protein is required for transcription of the operon. Another possibility would be translational coupling between pyrK and pyrDb. This is, however, extremely unlikely as the two ORFs are separated by 157 bases. Therefore, the role of the PyrK protein is most likely to function directly or indirectly in the enzymatic oxidation of dihydroorotate to orotate. To further characterize the role of the PyrK protein, the enzymatic activity of DHOdehase in the different mutants was assayed. As previously shown (1), the enzymatic activities encoded by pyrDa and pyrDb can be distinguished, since DHOdehase A can use fumarate but not NAD ϩ as an electron acceptor whereas DHOdehase B uses NAD ϩ but not fumarate. Both enzymes are capable of using the synthetic dye dichlorophenolindophenol as an electron acceptor. In Table 3 the enzymatic activities of the different strains are presented. As seen in the table, the pyrK mutation resulted in a loss of activity with NAD ϩ as the electron acceptor, meaning that the DHOdehase B activity was lost. Fumarate still functioned as an electron acceptor, indicating that DHOdehase A was still present and functional. To further analyze the role of the PyrK protein in the action of DHOdehase B, a plasmid carrying the pyrK gene but not the pyrDb gene was transformed into the pyrK mutant (MB20). As shown in Table 3 , the presence of pyrK in trans restored the activity of pyrDb. Therefore, we propose that pyrK is not required for the expression of pyrDb but is directly involved in the enzymatic reaction. This proposal has been confirmed by the results of Nielsen and coworkers, who have overexpressed pyrDb and pyrK and found that the two proteins copurify and the resulting complex has a specific activity much higher than that of purified DHOdehase B protein alone (31) . Identification of a PyrR binding site. In the pyr leader shortly after the transcriptional start but upstream of the pyrK ORF we detected a sequence homologous to the three PyrR binding sites of B. subtilis (27) . Furthermore, sequence analysis showed that the lactococcal mRNA could also fold into two mutually exclusive structures, i.e., a terminator and an antiterminator. The expression of the pyr operon of B. subtilis is regulated by an attenuation mechanism, as proposed by Turner et al. (43) . Three attenuator structures in B. subtilis mRNA, all including PyrR binding sites, were found in the pyr leader and in the pyrR-pyrP and pyrP-pyrB intercistronic regions. The for- The effect of the pyrK pyrDa double mutation on growth. The log 10 of the optical density at 450 nm (OD450) (y axis) is plotted against the time in minutes (t Ϫ min). MB26 (pyrK pyrDa) was grown in the defined SA glucose medium in the absence and presence (ϩ U) of uracil, and its growth was compared with that of the wild-type (wt) strain MG1363 in SA glucose medium without addition of uracil. mation of the antiterminator prevents the formation of the terminator, thus facilitating readthrough. When the intracellular concentrations of pyrimidines are high, the regulatory protein (PyrR) binds to the mRNA at a site overlapping the antiterminator. The binding interferes with formation of the antiterminator, allowing the terminator to form and thus resulting in transcription termination. In contrast, the antiterminator forms when the levels of pyrimidines are low and transcription of the operon proceeds, leading to expression of the pyrimidine biosynthetic genes (27) . In Fig. 8 the putative terminator/antiterminator loops and the PyrR binding site in L. lactis are presented. These structures are highly similar to those of the three B. subtilis attenuators (43) . The presence of the PyrR binding site and the attenuator structure suggests that a regulatory mechanism similar to the one in B. subtilis is present in L. lactis. 
